Introduction
To colonise genital mucosa and survive killing in neutrophil phagosomes, Neisseria gonorrhoeae must contend with temperature and nutrient fluctuations, anaerobiosis, reactive oxygen intermediates and acidic pH. In vitro, all these stress conditions result in altered protein expression. Thermal stress induces the gonococcal homologues of major Escherichia coli heat-shock proteins (hsps) DnaK and GroEL (hsp60) [l] , and nutrient stress induces the gonococcal homologue of GroEL, known as hsp63 [2] . In contrast, anaerobic conditions induce three novel proteins that bear no sequence similarity to GroEL or DnaK [3] . Exposure of gonococci to H202 or neutrophils results in an increase in catalase expression [4] . A previous study demonstrated increased expression of hsp63 in response to acid stress in N. gonorrhoeae strain FA19 [5] . Stress-inducible proteins may affect survival of gonococci and pathogenesis of infection in the urogenital tract.
In one type of complicated gonococcal infection, pelvic inflammatory disease (PID), N. gonorrhoeae spreads from the vagina or cervix to the fallopian tubes or other pelvic organs. This ascent exposes the gonococcus to immunological barriers, as well as to variations in pH (c. pH 4-8, depending on the site and the stage of the menstrual cycle) and nutrient and oxygen availability. Several observations support the hypothesis that pH affects the pathogenesis of gonococcal infections: strains grown at acidic pH have decreased surface hydrophobicity and increased negative surface charge [6] , adherence of intact gonococci and purified gonococcal pili to vaginal epithelial cells has a pH optimum of 4.5 [7, 81 , and the gonococcal sialyltransferase has a pH optimum of 5.8 [9] . This report describes evidence for in-vivo expression of acid stress proteins in four gonococcal clinical isolates and the acid survival limits of these strains.
Materials and methods

Strains
Strains NRL38953, NRL39029, NRL38874 and NRL 38884 were isolated from patients with laparascopically confirmed gonococcal PID (Table 1) . Strains were maintained on gonococcal typing agar (GC agar, neutral pH) [lo] at 37°C in air with CO2 5%. Nonpiliate, non-Opa-bearing organisms were selected [lo] . Strains were subcultured no more than five times before each survival and membrane fractionation experiment.
Sera
Normal human serum (NHS) was obtained from a male with no history of exposure to A? gonorrhoeae. PID sera were obtained from the same patients as the strains (Table 1) .
Acid survival
Mid-log or late stationary phase broth cultures (pH 7.0) were diluted to (1 -2) X lo3 cfu/lO pl. This inoculum was introduced into 990 pl of gonococcal typing broth (GC broth) [lo] acidified to various pH values with HCl (the final pH of the broth stocks was obtained after sterilisation). The GC broth for these experiments did not contain supplement (0.7 mM glutamine, 5 mM dextrose, 2 ,UM thiamine pyrophosphate) or an additional C02 source (5 mM NaHC03). After exposure for 2 h (without shaking) to acid at 37°C in air with C02 5%, bacteria were counted in duplicate on GC agar (pH 7.0), and percentage survival was calculated based on inoculum counts. Values > 100% indicated growth during the 2-h incubation period. Acid susceptibility assays were performed at least twice on different days. Although individual values varied in different experiments, the trend was consistent.
To confirm further the acid susceptibility trend, survival of strain NRL38953 was compared with and without supplement and 5 mM NaHC03, and with both filter sterilised and autoclaved GC broth (the final pH of all preparations was determined after sterilisation).
Membrane fractionation
After incubation for 18-20 h on GC agar plates at pH 6.1 or 7.2 (buffer was modified for pH plates as described previously [ 111, and the pH of all preparations was verified after sterilisation), cells were harvested in pH 6. Cell debris was removed by centrifugation at 3000 g for 10 min at 4°C. Total membranes were pelleted by centrifugation at 100 000 g for 60 min at 4"C, resuspended and incubated for 10 min at room temperature with Sarkosyl 1% w/v in 10 mM HEPES-PMSF. Sarkosyl-insoluble outer membranes were pelleted by centrifugation at 100 000 g for 60 min at 4°C. Whole cells and total membranes were collected from the same preparations used to isolate outer membranes.
SDS-PAGE
Protein concentrations of solubilised [ 121 whole-cell, total membrane and outer-membrane pellets were determined by BCA (Pierce). Solubilised preparations were separated overnight in SDS-PAGE 10% gels (Hoefer) at 4°C with 15 mA constant current. Gels were stained with Coomassie Brilliant Blue or silver nitrate. Growth of A? gonorrhoeae at the various pH values followed by fractionation and SDS-PAGE was performed at least four times on separate days with consistent results.
Western blotting
For hsp blots, solubilised cell fractions from pH 6.1 and pH 7.2 GC agar cultures were electrophoresed in mini gels (BioRad Mini Protean 11) 15% for c. 2 h at 76 V constant voltage, and transferred electrophoretically to nitrocellulose paper overnight at 0.7 A constant current in 20mM phosphate buffer, pH 8.0. For detection of gonococcal hsp63, membranes were blocked for 1 h in Tween 20 0.05% in Dulbecco's phosphate-buffered saline (dPBS), incubated for 7 h with anti-Chlamydia hsp60 monoclonal antibody A57E4 [13] (generously provided by R. Morrison, Rocky Mountain Laboratories, NIH, NIAID), washed three times in dPBS/Tween 20, and probed with antimouse IgG peroxidase (1 in 1000; Sigma) for 2 h. Blots were washed three times in 20 mM Tris-500 mM NaCl (PH 7.2) and developed. For detection of DnaJ, blots were blocked in skim milk 5%/Tween 20 0.05% Strains, phenotypes and sera were provided by the Neisseria Reference Laboratory, Seattle, Washington, USA.
in dPBS, incubated for 7 h with anti-E. coli 4 1 kDa (1 in 1000; SPA 410, StressGen), washed and probed with anti-rabbit IgG peroxidase (Sigma) for 2 h.
For analysis of human antibody binding, solubilised preparations were separated in SDS-PAGE 10% gels overnight at 4°C with 15 mA constant current and transferred electrophoretically to nitrocellulose paper for 3 h at 1 A constant current in 20 mM phosphate buffer, pH 8.0. Blots were blocked in skim milk 2.5% in dPBS, incubated overnight in NHS 7.5% or PID serum 7.5% in blocker, washed three times, and probed for 3 h with 1 in 1000 anti-human IgG or IgA peroxidase (Sigma) in blocker. No antibody binding was detected in control blots lacking incubation with human serum.
Results
Acid survival
As N. gonorrhoeae is exposed to various pH values during transmission and infection, this study investigated the acid tolerance limits of four clinical isolates. [18] . Growth of the four strains on plates was undetectable below pH 5.8; the amount of growth at pH 6.1 was similar to that at pH 7.2, suggesting that the protein differences described below are not due to slow growth. Furthermore, a previous study showed that the Sarkosyl-insoluble protein profile of glucose-deprived (i.e., relatively slow growth) gonococcal strain FA19 is different from that of acid-cultured strain FA19 [5] . SDS-PAGE gels revealed many protein differences in strains cultured under conditions differing only in medium pH. However, only those acid stress proteins upregulated in at least three strains (arrows) or downregulated in all four strains (x) are indicated in Fig. 2 . In whole-cell lysates of acid-grown strains NRL38953, NRL39029 and NRL38874, a protein migrating just ahead of the 66-kDa marker was upregulated (Fig. 2) . Evidence that this protein is gonococcal hsp63 was obtained in immunoblots (Fig. 3a) . Hsp63 was upregulated in total membrane fractions of all four acid-grown strains, but was not detectable in outer-membrane fractions. Of five StressGen antibodies (Victoria, BC, Canada) against bacterial hsps tested (anti-E. coli DnaK, anti-E. coli GroES, anti-E. coli GrpE, anti-E. coli DnaJ and anti-M. tuberculosis Hsp7l), only anti-E. coli DnaJ (4 1 kDa) recognised a protein of similar molecular mass in gonococcal preparations. The expression of this protein appeared equivalent under both growth conditions and, like hsp63, was detected only in wholecell and total membrane fractions (Fig. 3b) .
In Fig. 2 , the intense band migrating just ahead of the gonococcal outer-membrane porin protein, Por, is the reduction modifiable outer-membrane protein (OMP) Rmp. It was less abundant in acid grown outermembrane fractions of all four strains. Identical results were obtained with N. gonorrhoeae strain FA19 [5] . Silver-stained gels allowed visualisation of numerous upregulated and downregulated OMPs from strains grown under the two conditions (Fig. 4a) . Only those proteins upregulated by acid stress in all four strains are marked (Fig. 4a, arrows) .
Recognition of acid stress proteins by antibodies in serum from PID patients
Sera from patients with PID were assayed for the presence of specific antibodies to acid stress inducible and repressible OMPs. OMP blots were probed with NHS ( Fig. 4b) , and with serum from the patients infected with strains NRL38953 (Fig. 4c) , NU38884 (Fig. 4d), NRL39029 (Fig. 4e) and NRL38874 (Fig.  49 . Normal human serum IgG recognised several common outer-membrane constituents in the four isolates including Por, the outer-membrane lipoprotein Lip, and three acid stress upregulated proteins. Three acid stress inducible proteins of the same apparent molecular mass in the silver-stained gel and NHS blot were detected: two between the 66 and 86-kDa markers, and one between the 33 and 45-kDa markers ( Fig. 4a and b) . Anti-gonococcal antibodies in patients with no history of gonococcal infection are likely to be due to nasopharyngeal carriage of other Neisseria spp. [19] . Previous studies with serum from patients with gonorrhoea have described antibody recognition of Lip, Por and lipo-oligosaccharide (LOS) in strains cultured in neutral conditions [19] . In addition to these outermembrane constitutents, five distinct acid stress upregulated OMPs were recognised by IgG from PID patients in at least three strains (Fig 4c-f) . Two acid stress inducible proteins between 47 and 86kDa were recognised by three of the PID sera (ICD082, ICD109, ICD108), and several proteins migrating to a position at or above the 139-kDa marker were recognised by ICD 102 (four proteins) and ICD 108 (three proteins). These acid stress proteins cannot be described as completely novel, as they were expressed at low levels during growth in neutral conditions in some or all of the strains (depending on the protein). In the silverstained gel and NHS blot, there were no detectable ubiquitous acid stress repressible proteins. However, with ICD082 there were two acid stress repressible proteins between the 33 and 47 kDa markers in all four strains (Fig. 4c, x) . In Fig. 4 , the apparent co-migration of Por and Lip was due to the outer-membrane isolation procedure, not the growth conditions (data not shown).
Immunoblots were also probed with PID sera followed by anti-human IgA. These blots resembled the NHS blot (data not shown). PID serum IgA recognition of proteins isolated from clinical and laboratory strains grown anaerobically is primarily directed against Por [20] . The limited antigen recognition by IgA compared with IgG in these acid and anaerobic experiments is probably due to the use of serum as the primary antibody.
Discussion
The acid survival of strain NRL38884 was remarkably different from that of the other three strains. As with other IA-1,2 serovars, NRL3 8884 is relatively fastidious NRL38884 (d) . mw, molecular mass markers (kilodaltons); Por, gonococcal porin protein; Rmp, gonococcal reduction modifiable protein; arrowheads denote acid stress upregulated proteins common to at least three of the four strains; x denotes acid stress downregulated proteins common to the four strains.
and fragile [21] , yet obviously capable of causing PID and stimulating the production of antibody directed against acid stress proteins. Log phase strains NRL38953, NU39029 and NRL38874 had an unexpected low pH survival peak at pH 4.6-4.7. In similar experiments with Yersinia enterocolitica, survival decreased progressively from pH 6 to 3, with a survival peak between pH 4 and pH 5 of pH 4.5 [15] . The authors did not discuss the peak in I: enterocolitica, but their study used only a single strain, so the peak may have been considered an artefact. The abrupt change from neutral pH to pH 4.6-4.7 in N. gonorrhoeae may be inducing a distinct acid tolerance system, apparently specific to log-phase growth. The phenomenon may be similar to that described for Salmonella serotype Typhimurium, a neutrophile that responds differently to moderate acid and severe acid conditions [22] . Future studies in this laboratory will include a determination of whether novel sets of proteins are expressed in moderately and severely acid-stressed N. gonorrhoeae. a b As bacteria enter the stationary phase, morphological and genetic changes occur to prolong survival and increase resistance to various stress conditions [23] . For example, stationary phase cultures of Shigella JEexneri, Y: enterocolitica and E. coli are more acid tolerant than log-phase cultures [ 14-161. The response of gonococcal PID isolates was more complex; the difference between log and stationary phase survival was strain and pH dependent.
A number of pathogenic bacteria are exposed to pH changes during the course of infection. To characterise total cellular protein expression at different pH values, some laboratories employ two-dimensional iso-electric focusing-SDS-PAGE of pulsed cells. The resulting protein profiles are typically a combination of known hsps and previously unrecognised stress proteins. For example, in response to growth at pH 5.5, Brucella abortus synthesises almost 50 new proteins and upregulates 30 others, including DnaK and GroEL [24] . At pH 4.3, at least 16 proteins with molecular masses > 30 kDa increase or are newly synthesised in E. coli [25] . This present study aimed to describe membrane protein profiles of cells cultured for many generations at low pH. It was found that the more reproducible one-dimensional SDS-PAGE technique successfully documented many membrane protein differences between gonococcal clinical isolates cultured under neutral and acidic conditions. Depending on their cellular location, the acid stress proteins described may be involved in proton pumping, decreased membrane permeability, folding and transport of acid-damaged proteins, adhesion and immune evasion. OMPs would be directly exposed to an acid environment, and could potentially interact with the immune system, so their description was emphasised.
In acid-stressed gonococcal strains, the chaperone GroEL (gonococcal hsp63) was upregulated, as it is in nutrient-starved [2] and heat shocked [l] gonococand NRL38884 (d). Immunoblots were probed with antical strains. In contrast, the clinical isolates contained a protein related both antigenically and by molecular mass to E. coli DnaJ (41 m a ) , that was apparently unaffected by acid stress. Nutrient-or oxygen-deprived gonococcal strain F62 increases the expression of several OMPs in the same electrophoretic range as the conserved hsp7O and hsp90 families [2] . Acid stress also induced the expression of OMPs in this electrophoretic range, in addition to at least four proteins > 100 kDa. The gonococcal OMP Rmp was less abundant in acid-grown cells, which may be relevant given that Rmp is a target for blocking IgG in human serum [26] , and that Rmp is required by Opaf gonococci (bearing opacity-associated proteins) for optimal adhesion and invasion of cultured cervical epithelial cells [27] .
Acid-stress proteins can function as virulence factors. In Helicobacter pylori, hsp70 acts as an adhesin [28] . Increased level of surface hsp70 are responsible for sulphogalactosyl ceramide binding following pH shock of H. pylori, an event likely to be important in initial infection. Other evidence that pH affects bacterial virulence includes the mandatory acid pH induction of the ToxR regulon of Vibrio cholerae [29] , the increased virulence of acid-grown N meningitidis for mice [30] , the pH 4.5 optimum for adherence of intact gonococci and purified gonococcal pili to vaginal epithelial cells [7, 81 , and the pH 5.8 optimum for the gonococcal sialyltransferase [9] . Some of the proteins upregulated in acid-cultured gonococcal strains may be involved in altered metabolic pathways and chaperone functions, but those described in Sarkosyl-insoluble fractions have the potential to interact with host tissues and immune defences. The fact that all four PID sera contained antibody to two or more acid stress upregulated OMPs suggests that these proteins are expressed in vivo. Currently studies are underway comparing the acid response of gonococcal clinical isolates with commensal strains of Neisseria. acidic (a) conditions. Panel a was stained with silver nitrate, and lanes 1 and 2 contain BioRad's pre-stained and nonpre-stained molecular mass markers, respectively. The immunoblots in panels B-F were incubated with normal human serum (NHS) 7.5% (b) or PID serum 7.5% ICD082 (c), ICD109 (d), ICD102 ( e ) , or ICD108 (f). Immunoblots contain pre-stained molecular mass markers (mw) (kDa); Por/Lip, gonococcal porin protein/lipoprotein complex; LOS, lipooligosaccharide; arrowheads denote acid stress upregulated proteins common to at least three of the four strains; x denotes acid stress downregulated proteins common to the four strains.
